Drosophila mutations with defects in mechanosensory behavior and electrophysiology (Kernan et al., 1994) identify gene products that may be involved in mechano- in ch organs connects the apical tip of the cilium to an
attachment cell or to an attachment site on the cuticle (data not shown). In particular, the long dendritic extensions of the dorsal es organs appear intact, and the (Uga and Kuwabara, 1965; Shanbhag et al., 1992) .
In nompA mutant bristles, the external bristle shaft ciliary sensory outer segments of the ch organs remain in their normal positions inside the scolopales. and socket appear normal, and transepithelial potentials are in the wild-type range (Kernan et al., 1994) , implying To see whether a similar defect was found in unfixed tissue, we expressed green fluorescent protein (GFP) in that nompA does not affect specification or differentiation of the outer support cells. To investigate sensory sensory neurons and examined campaniform sensilla on the third wing vein ( Figures 2D and 2G ). These sensilla neuron differentiation, we immunostained neurons in pharate adult sensory bristles. In wild-type flies, the have a similar cellular organization to bristles, with a dome instead of the bristle shaft. Gaps between the base of each bristle is contacted by the apical process of one neuron (Figure 2A) . In nompA mutants, sensory neuronal sensory process and the socket and dome were observed in 35 of 47 mutant sensilla in nompA neurons are present and associated with each bristle, but in many instances, the tips of their processes are mutant wings but not in 49 wild-type sensilla. Axonal projections are still present and apparently normal in detached from the bristle bases; some of the detached processes are bent, curled, or club shaped (Figures 2B the mutant wings. Because type I sensory neurons and support cells differentiate in close apposition to one and 2C). In embryos of the same mutant genotype, the immunostained PNS appears normal in morphology another (Hartenstein, 1988) , the separation between . Neurons were visualized by placing cytoplasmic GFP under the control of the MJ94 GAL4 insertion, which is expressed in many sensory neurons. In wildtype sensilla, the tip of the sensory neuron (white arrowhead) is visible under the dome (red arrowhead); in most nompA mutant sensilla it is retracted into the wing vein. The dendrite tip morphology is otherwise normal in mutant sensilla. neuron and sensory structures is unlikely to be due to end of the noncomplementing deletion Df(2R)27. The site of the deletion breakpoint was determined by Southa pathfinding defect. It could result from a defect in differentiation of the neuronal sensory process or the ern blot hybridization, locating part or all of nompA within a 17 kb interval of sequenced genomic DNA (Figsupport cells or in the interaction between them. ure 3A). The chromosome InϩDf(2R)vg135, which fails to complement nompA but has no cytological breakIdentification and Cloning of nompA Genetic mapping, deficiency complementation tests, points in 47F1-5, was found to carry a 7 kb B104 retrotransposon inserted within the largest of four predicted and P element-induced male recombination (Chen et al., 1998) experiments placed nompA at cytogenetic interval transcription units in the nompA interval. A 10.2 kb fragment of wild-type genomic DNA that includes this tran-47F1-5 on the second chromosome. The limiting markers were a P element insert in l(2)k06103 and the distal scription unit rescued the behavioral ( Figure 3B ) and electrophysiological nompA defects ( Figures 3C and 3D) kDa protein in reducing extracts from pupae and adult flies but not in nompA mutants ( Figure 4C ). This is smaller in germline transformants. Finally, two nompA mutant chromosomes were found to carry single base pair than the size of the transmembrane protein (173 kDa after signal peptide processing) but corresponds to the changes that created nonsense codons in the middle of the predicted open reading frame ( Figure 3E) . size of the predicted extracellular cleavage product (142 kDa). Treatment with peptide-N-glycosidase F did not No nompA cDNA sequences were found in Drosophila-expressed sequence tag (EST) databases or in a sendetectably change the observed protein mobility (data not shown). In extracts prepared in nonreducing condisory-enriched cDNA library; thus, we amplified and setions, the protein showed a slight decrease in apparent quenced overlapping segments of the predicted transcript size (data not shown), suggesting that a higher mobility from total adult cDNA. The reconstructed transcript (Figconformation is with any structures outside of the PNS. The fluorescent fusion protein is localized to a single structure associThe dendritic cap that covers the tip of the sensory process and connects it to the stimulating structures is ated with each external sensillum and to the apical tips of the scolopales in ch organs (Figures 6B and 6G) . The an extracellular structure and is secreted by the scolo- . We find that cases, the tubular extension that surrounds the sensory process is also visible. In ch organs (Figure 7D) , the the 21A6 antigen in both es and ch organs is distinct from and proximal to the site of GFP-NompA localization ( Figures 7E and 7F) . In es organs, it may be located on the ciliary outer segment and/or the surrounding lumen, a site that would be homologous to the scolopale in ch organs (Merritt, 1997) . Furthermore, the 21A6 antigen is still present in nompA mutants, in which it remains associated with the dendrite tip, and is detached from the bristle base ( Figure 7G ).
Dendritic Cap Defects in nompA Mutants
Although the GFP-NompA fusion protein is localized similarly to the native protein (as detected by antiNompA antiserum), the N-terminal GFP does interfere with its function. Unlike the otherwise identical rescue construct, the GFP-NompA fusion only partly rescued the uncoordinated behavior of mutants and did not rescue the electrophysiological defects in tactile bristles (data not shown). Even in a wild-type background, some bristles showed separation of the GFP-labeled structure from bristle bases ( Figure 6C ), suggesting that the addition of GFP to the N-terminal of NompA interferes with adhesion of the dendritic cap to some cuticular structures.
To determine whether the dendritic cap forms in the absence of NompA, we examined scolopidial ultrastructure in the antennal ch organ of wild-type and nompA mutant flies. This auditory organ comprises a radial array of many scolopidial units. Each scolopidium includes two neurons, a scolopale, and an elongate, conical dendritic cap that encloses the apical tips of the two sensory cilia (Figures 8A and 8D) . In nompA mutants, the scolopidial array was somewhat disorganized and was separated from its apical attachment site on the joint between antennal segments (data not shown). Individual scolopidia had a normal scolopale and normal sensory ciliary structures ( Figures 8E and 8F ) but showed defects in the structure of the dendritic cap or its attachment to the cilia. These ranged from caps that included only one, or neither, of the two sensory cilia, to open or missing caps (Figures 8G-8I) . Thus, although dendritic caps can still be produced in the absence of NompA, it is required for normal cap organization and attachment to cilia.
Discussion
The failure of mechanotransduction in nompA mutants demonstrates the importance of the dendritic cap for transmitting stimuli to the transducing apparatus in the sensory neuron. A similar role is played by specialized extracellular matrices in other mechanosensory organs, including nematode touch receptors (Chalfie and Suls- has inserted four residues from the signal peptide cleavage site, a Garret-Engele (Herrin Labs, Stanford University, Stanford, CA). spacer sequence PNGGV, followed by the EGFP coding sequence Other mutant and aberration stocks were obtained from the Drominus its initiator methionine, and the duplicated exon 1 sequence sophila stock centers at Bloomington and Umea and from the Berke-SKING. Germline transformation of a w 1118 stock was carried out as ley Drosophila Genome Project.
described by Rubin and Spradling (1982). Flies were reared on standard medium at 21ЊC -25ЊC. To recover nompA mutants from heterozygous balanced stocks or crosses, pupae and pharate adults were collected from culture vials and Protein Sequence Analyses PAN and ZP domains were identified by inspection and by the enclosed on wet paper; nompA homozygotes or transheterozygotes are identifiable by their behavioral phenotype and by homozygosity SMART module identification programs (Schultz et al., 1998). Predicted protein alignments and trees were generated using Clustal for the linked markers cinnabar (cn) and brown (bw).
To map nompA relative to P insertions in the 47D-F region by P W (Thompson et al., 1994) 
